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Periosteum, the connective tissue surrounding bone, alters the transmitter properties of its sympathetic innervation during
development in vivo and after transplantation. Initial noradrenergic properties are downregulated and the innervation
acquires cholinergic and peptidergic properties. To elucidate the cellular mechanisms responsible, sympathetic neurons
were cultured with primary periosteal cells or osteoblast cell lines. Both primary cells and an immature osteoblast cell line,
MC3T3-E1, induced choline acetyltransferase (ChAT) activity. In contrast, lines representing marrow stromal cells or
mature osteoblasts did not increase ChAT. Growth of periosteal cells with sympathetic neurons in transwell cultures that
prevent direct contact between the neurons and periosteal cells or addition of periosteal cell-conditioned medium to neuron
cultures induced ChAT, indicating that periosteal cells release a soluble cholinergic inducing factor. Antibodies against
LIFRb, a receptor subunit shared by neuropoietic cytokines, prevented ChAT induction in periosteal cell/neuron
ocultures, suggesting that a member of this family is responsible. ChAT activity was increased in neurons grown with
eriosteal cells or conditioned medium from mice lacking either leukemia inhibitory factor (LIF) or LIF and ciliary
eurotrophic factor (CNTF). These results provide evidence that periosteal cells influence sympathetic neuron phenotype
y releasing a soluble cholinergic factor that is neither LIF nor CNTF but signals via LIFRb.
Key Words: osteoblast; periosteum; cholinergic; noradrenergic; LIF; CNTF; autonomic neurons; sympathetic neurons.m
n
t
e
u
c
A
t
i
L
r
r
c
p
w
(
e
mINTRODUCTION
One of the critical events in the establishment of a
functional synapse is the production of the appropriate
neurotransmitter(s) by presynaptic neurons. For most neu-
rons, the cellular and molecular mechanisms underlying
the development of specific neurotransmitter phenotypes
are incompletely understood. In certain populations of
catecholaminergic neurons, this process appears to be gov-
erned by environmental signals encountered prior to con-
tact with postsynaptic cells. Paracrine signals such as bone
morphogenetic proteins (BMP-4 and BMP-7) from the dorsal
aorta (Ernsberger and Rohrer, 1996; Reissman et al., 1996;
Schneider et al., 1999) and Sonic hedgehog from the floor
plate (Hynes et al., 1995, 1997; Wang et al., 1995) induce
catecholaminergic traits in neural crest and embryonic
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0012-1606/01 $35.00idbrain cells, respectively. Members of a subset of auto-
omic neurons, in contrast, acquire their mature transmit-
er phenotype only after contacting their target tissues. For
xample, ciliary ganglion neurons produce somatostatin
pon induction by activin produced by their target choroid
ells (Coulombe and Nishi, 1991; Darland and Nishi, 1998).
second, well-characterized instance of target-dependent
ransmitter specification is the cholinergic sympathetic
nnervation of rodent sweat glands (reviewed in Francis and
andis, 1999). Similar to the majority of sympathetic neu-
ons, the innervation of developing sweat glands is norad-
energic. After gland contact, however, these neurons de-
rease production of norepinephrine and coexpress the
hysiologically appropriate transmitter, acetylcholine, as
ell as the neuropeptide, vasoactive intestinal peptide (VIP)
Landis and Keefe, 1983; Leblanc and Landis, 1986; Landis
t al., 1988; Guidry and Landis, 1998). The conversion is
ediated by a target tissue-derived factor (Schotzinger andandis, 1988, 1990a; Guidry and Landis, 1998) that appears
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2 Asmus, Tian, and Landisto belong to a family of neuropoietic cytokines that in-
cludes leukemia inhibitory factor (LIF), ciliary neurotrophic
factor (CNTF), and cardiotrophin-1 (CT-1) (Patterson and
Nawa, 1993; Landis, 1996; Habecker et al., 1997). Several
lines of evidence suggest that the sweat gland factor is an as
yet unidentified member of this family (Rao and Landis,
1990; Rao et al., 1992, 1993; Rohrer, 1992; Habecker et al.,
1995a, 1997; Francis et al., 1997).
A second population of sympathetic neurons that appears
to attain its mature transmitter repertoire in a target-
dependent manner is the innervation of periosteum, the
dense connective tissue surrounding bone (Asmus et al.,
2000). Periosteum contains fibroblasts, osteoblasts, and
their precursors and is critical in bone development and
fracture healing (Pechak et al., 1986; Yoo and Johnstone,
998). Adult periosteum receives innervation from two
opulations of sympathetic axons: periosteal blood vessels
eceive predominantly noradrenergic sympathetic innerva-
ion, while the parenchyma contains mainly nonadrenergic
IP-immunoreactive sympathetic fibers (Hohmann et al.,
986; Bjurholm et al., 1988; Hill and Elde, 1991; Ahmed et
l., 1993; Sisask et al., 1996). The VIP-immunoreactive
eriosteal fibers contain immunoreactivity for the vesicular
cetylcholine transporter (VAChT) (Francis et al., 1997;
smus et al., 2000), a reliable marker of cholinergic neu-
rons (Roghani et al., 1998; Schafer et al., 1998). During
prenatal development, sympathetic axons which display
tyrosine hydroxylase (TH) immunoreactivity and catechol-
amine histofluorescence extend from thoracic paravertebral
ganglia to contact the periosteum of the ribs and sternum
(Asmus et al., 2000). After a 1- to 2-week period during
which both catecholaminergic and cholinergic properties
are observed in many axons, the catecholaminergic proper-
ties diminish and cholinergic properties and VIP immuno-
reactivity remain. Transplantation of periosteal rudiments
to hairy skin, a noradrenergic sympathetic target (Schotz-
inger and Landis, 1990b), induces a similar noradrenergic to
cholinergic and peptidergic conversion in the sympathetic
fibers contacting the novel target. The results of these
transplantation studies demonstrate that periosteum, simi-
lar to sweat glands (Schotzinger and Landis, 1988, 1990a;
Guidry and Landis, 1998), can alter sympathetic transmitter
phenotype in vivo, providing support for target-dependent
instruction as a general mechanism whereby cholinergic
sympathetic neurons attain their mature transmitter phe-
notype in rodents.
Given that periosteum is a newly described target of
cholinergic sympathetic neurons, we sought to examine the
cellular interactions involved in transmitter regulation in
the periosteal system by establishing methods for cocultur-
ing sympathetic neurons with periosteal cells. When we
assayed the ability of periosteal cells to induce activity of
the synthetic enzyme for acetylcholine, choline acetyl-
transferase (ChAT), we observed that even in the absence of
cell contacts, sympathetic neurons cocultured with perios-
teal cells or with an osteoblast cell line acquired a cholin-
ergic phenotype, confirming our in vivo findings. Our
Copyright © 2001 by Academic Press. All rightresults also provide evidence that the periosteum and
osteoblast-like cells, similar to sweat gland cells, produce a
secreted cholinergic inducing factor that is neither LIF nor
CNTF but signals via the LIF receptor-b (LIFRb) (Stahl and
ancopoulos, 1994; Bravo and Heath, 2000). In contrast to
weat glands, production of the factor by periosteum does
ot require innervation but innervation increases produc-
ion.
MATERIALS AND METHODS
Cell Culture
Cultures of rat sympathetic neurons were prepared from the
superior cervical ganglia (SCG) of newborn rats as described by
Hawrot and Patterson (1979) and modified by Rao and Landis
(1990). Reagents were obtained from Gibco BRL (Grand Island, NY)
except where noted. Neurons were preplated for at least 2 h to
remove nonneuronal cells and grown either on polylysine (0.1
mg/ml)- and laminin (5 mg/ml)-coated 96-well plates for standard
cocultures or on coated 24-well plates for transwell cocultures.
Neurons were plated at an approximate density of 3000 cells/well
in 96-well plates and 12,000 cells/well in 24-well plates. Neurons
were grown in Leibovitz’s L15-CO2 complete medium containing
erve growth factor (100 ng/ml; Austral Biologicals, San Ranon,
A), penicillin G (100 U/ml), streptomycin sulfate (100 mg/ml), and
% rat serum. The medium was changed every 2–3 days. During
he first 2 days after plating, the antimitotic agent, cytosine
rabinoside (araC; 10 mM; Sigma Chemical Co., St. Louis, MO), was
included in the medium to eliminate the remaining nonneuronal
cells. All experimental treatments began 2 days after the neurons
were plated and continued for an additional 5–6 days, at which
time the cells were harvested to assay ChAT activity. To confirm
the ability of the sympathetic neurons to respond to cholinergic
factors, either recombinant rat CNTF (Regeneron Pharmaceuticals,
Terrytown, NY) or recombinant murine LIF (Pepro Tech, Inc.,
Rocky Hill, NJ) was added to sister cultures of neurons.
Cultures of rat periosteal cells were prepared according to a
modification of a protocol for establishing cultures of chick peri-
osteal cells (Nakahara et al., 1990). Using a scalpel, rectangular
pieces of periosteum were dissected from the underlying cartilagi-
nous bone from the dorsal, or internal, surface of the sternum of
postnatal day (P) 3–P5 rats. Periosteal flaps were incubated in
Hanks’ balanced salt solution (HBSS) containing collagenase type II
(0.3%; Worthington Biochemicals, Freehold, NJ) for ;2.5 h at 37°C.
Trypsin (0.25%) was then added to the collagenase solution and the
incubation was continued for an additional 0.5 h at 37°C. The
digestion was stopped by addition of an equal volume of fetal
bovine serum (FBS), and the cells were centrifuged and resuspended
in growth medium. After trituration, dissociated cells were grown
in Ham’s F-12 medium (pH 7.4) supplemented with Hepes (7.15
mg/ml), 5–10% FBS, penicillin G (100 U/ml), streptomycin sulfate
(100 mg/ml), and ascorbic acid (0.1 mg/ml). Periosteal cells were
plated onto uncoated 35-mm culture dishes and subcultured after
reaching confluence, usually within 1 week after plating, by a 6- to
10-min incubation in trypsin (0.25%) and EDTA (1 mM) in HBSS at
37°C.
Cultures of periosteal cells lacking LIF or LIF and CNTF were
established as described above by removing periosteum from new-
born mice with targeted disruption of the gene for LIF (gift of Dr. P.
Brulet, Institut Pasteur; Escary et al., 1993) or LIF and CNTF
s of reproduction in any form reserved.
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3Periosteal Cell Induction in Sympathetic Neurons(Sendtner et al., 1996; Francis et al., 1997). Neonates were geno-
typed by amplifying tail genomic DNA using PCR with sequence-
specific primers for LIF, the LacZ replacement cassette, CNTF, or
the neo replacement cassette as described (Francis et al., 1997).
Three osteoblast-like cell lines, ST2, a stromal cell line from
mouse bone marrow (Ogawa et al., 1988), MC3T3-E1, an osteoblast
line from mouse calvaria (Sudo et al., 1983), and UMR-106, a rat
osteosarcoma line (Partridge et al., 1983) (gifts of Dr. Ed Greenfield,
Case Western Reserve University), were grown in F-12 medium and
subcultured identically to periosteal cells.
Cell were histochemically stained for alkaline phosphatase, a
marker of early osteoblast differentiation (Erlebacher et al., 1995),
using an alkaline phosphatase staining kit (Sigma). Cells were fixed
at room temperature with a citrate acetone–formaldehyde solution
and reacted for alkaline phosphatase according to the kit protocol.
Cocultures of neurons and periosteal cells or cell lines were
prepared 2 days after sympathetic neurons were plated. For stan-
dard cocultures, periosteal cells were lifted from culture plates by
incubation in trypsin/EDTA and added to neurons at 100 or 4000
cells/well in 96-well plates. Osteoblast-like cell lines were re-
moved from plates and added to neurons at 4000 cells/well.
Cocultures and control neurons were grown in a 1:1 mixture of
L15-CO2 complete and F-12 medium, which was changed every 2–3
days. Transwell cocultures were prepared by first establishing
neuron cultures on coated 24-well plates. Two days after the
neurons were plated, a Millicell-HA 0.45-mm filter insert (Milli-
ore, Bedford, MA) was added to the well and 12,000 periosteal cells
ere added onto the filter insert. Growth medium and replacement
ere the same as that described for standard cocultures.
Conditioned medium (CM) was removed from cultures of peri-
steal cells from either wild-type or LIF-deficient mice after at least
days in culture, concentrated 10-fold, diluted 1:20 with L15-CO2
complete medium to a final concentration of 0.53, and sterile
filtered (Habecker et al., 1995b). Increasing the concentration of
CM from LIF-deficient mice to 13 or 23 had no effect on induc-
ion. Similarly, increasing the concentration of CM from wild-type
eriosteal cells to 13 did not increase induction. Increasing it to
3, however, decreased induction to control levels, indicating the
ossibility of a toxic effect. Diluted CM was added to neuron
ultures 2 days after plating and replaced with fresh CM every 2–3
ays until the cells were harvested for the ChAT assay. Condi-
ioned medium was also collected from rat periosteal cultures and
ocultures of rat periosteal cells and sympathetic neurons and
reated as described above.
Some cocultures of neurons and rat periosteal cells were treated
uring the culture period with a polyclonal antiserum raised
gainst the mouse LIFRb (1:100; gift of Immunex Corp., Seattle,
WA). Fresh antibody was added each time the medium was
replaced.
Choline Acetyltransferase Assay
A radioenzymatic assay (Fonnum, 1975; as modified by Rao and
Landis, 1990) was used to measure ChAT activity in cultured cells.
[3H]Acetyl-CoA (2.5 Ci/mmol) was purchased from New England
uclear (Wilmington, DE).
All treatments were conducted in triplicate and performed in at
east three independent experiments unless otherwise noted. For
ach experiment, significant differences were determined by anal-
sis of variance (ANOVA) with post hoc pairwise comparisons with
cheffe’s F test. P values of less than 0.05 were considered signifi-
ant. 1
Copyright © 2001 by Academic Press. All rightRESULTS
ChAT Activity Was Induced in Sympathetic
Neurons Cocultured with Periosteal Cells
or with an Osteoblast Cell Line
Previous studies provided evidence that periosteum can
decrease the expression of noradrenergic properties and
increase the expression of cholinergic properties in sympa-
thetic neurons in vivo (Asmus et al., 2000). As a first step in
xamining the cellular interactions between the perios-
eum and sympathetic neurons that are responsible for the
hanges in transmitter phenotype, we established cultures
f cells from periosteum dissected from the sternum of
arly postnatal rats. To confirm that periosteal cultures
ontained cells of the osteoblast lineage, we examined
eactivity for alkaline phosphatase, an enzyme expressed in
steoblasts (Erlebacher et al., 1995). Alkaline phosphatase-
eactive cells with a wide range of staining intensities were
bserved in the cultures (Fig. 1), suggesting that the culture
onditions were conducive to the survival and differentia-
ion of osteoblasts and their precursors. Since periosteum
ontains fibroblasts and osteochondral progenitor cells as
ell as osteoblasts, it is likely that our periosteal cultures
ontained a combination of osteoblasts, which were alka-
ine phosphatase-reactive, as well as alkaline phosphatase-
egative fibroblasts and mesenchymal progenitors.
To determine whether periosteal cells can induce cholin-
rgic properties in sympathetic neurons in vitro, neonatal
CG neurons were cocultured with periosteal cells. The
orphology and growth of the neurons and periosteal cells
n the mixed cultures were indistinguishable from those
bserved in cultures of neurons or periosteal cells alone.
egardless of whether the periosteal cells were initially
lated at 100 or 4000 cells per well, they were confluent by
he end of the coculture period of 5–6 days. In six indepen-
ent experiments, activity of the acetylcholine biosynthetic
nzyme ChAT increased significantly, a 14-fold induction
n average, when the sympathetic neurons were cultured
ith periosteal cells (Fig. 2). No ChAT activity was detect-
ble in periosteal cells cultured in the absence of sympa-
hetic neurons (data not shown). Consistent with our earlier
ork in vivo (Asmus et al., 2000), these findings indicate
hat periosteal cells are able to influence the neurotrans-
itter properties of sympathetic neurons.
The periosteal cultures were likely to contain a mix of
ell types, including osteoblasts at various stages of differ-
ntiation as well as cells not of the osteoblast lineage. To
etermine whether a pure population of osteoblast-like
ells could induce cholinergic properties, we cultured sym-
athetic neurons with several different cell lines represent-
ng varying degrees of osteoblast differentiation. These lines
ave been assigned to particular stages of the osteoblast
ineage based on several phenotypic markers, including
lkaline phosphatase reactivity. ST2 cells were derived
rom stromal cells from mouse bone marrow (Ogawa et al.,
988), can be induced to differentiate into osteoblasts
s of reproduction in any form reserved.
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4 Asmus, Tian, and Landis(Yamaguchi et al., 1996; Otsuka et al., 1999), and represent
ndifferentiated mesenchymal progenitors. MC3T3-E1
ells were derived from newborn mouse calvarium (Sudo et
l., 1983) and represent relatively immature osteoblasts.
MR-106, a rat osteosarcoma line, represents the most
ifferentiated cell line (Partridge et al., 1983).
Coculturing neurons with MC3T3-E1 cells consistently
FIG. 1. Periosteal cultures contain cells reactive for alkaline ph
staining intensities are evident in the two micrographs. Lightly st
indicated by arrows. Original magnification, 2753.
FIG. 2. Rat periosteal cells and a mouse osteoblast cell line
nduced choline acetyltransferase (ChAT) activity when cocultured
ith dissociated sympathetic neurons. Five days after the addition
f periosteal cells or cell lines to cultured sympathetic neurons, the
ultures were homogenized and assayed for ChAT activity. Grow-
ng neurons with periosteal cells or MC3T3-E1 cells, but not ST2 or
MR-106 cells, induced neuronal ChAT activity, expressed here as
old increase compared to control cultures containing only neu-
ons. Data shown are the means of triplicate samples, 6SEM, and
are representative of at least three independent experiments.
Groups which differ significantly from control by ANOVA and
Scheffe’s F test with P , 0.05 are indicated with asterisks.
Copyright © 2001 by Academic Press. All rightnduced ChAT activity (Fig. 2). In contrast, when neurons
ere grown with cell lines representing the least (ST2) or
he most differentiated (UMR-106) osteoblast phenotype,
here was no significant increase in ChAT activity. These
ata suggest that osteoblasts early in their differentiation,
ather than undifferentiated progenitors or mature osteo-
lasts, induce a cholinergic phenotype in cultured sympa-
hetic neurons. Moreover, the osteoblast-mediated induc-
ion of ChAT activity was not species-specific since mouse
C3T3-E1 cells increased ChAT activity in rat neurons.
Induction of ChAT Activity Does Not Require
Cell–Cell Contact
To determine whether the periosteal cell-derived signal
governing the induction of ChAT activity in sympathetic
neurons was soluble or associated with the periosteal cell
membrane or extracellular matrix, we cocultured sympa-
thetic neurons with periosteal cells in a transwell system
that allowed interaction between the two cell types to
occur only through the diffusion of soluble factors. Neurons
were grown on the bottom of the well, separated from
periosteal cells by a 0.45-mm Millipore filter. Compared to
control neurons in two independent experiments, periosteal
cell/neuron transwell cocultures displayed a significant
increase in ChAT activity (Fig. 3).
To confirm that periosteal cells produce a soluble cholin-
ergic inducing factor, we collected medium conditioned by
periosteal cells and used it to treat cultures of rat sympa-
thetic neurons. In our initial studies, we chose to use
periosteal cell cultures derived from mice because of the
availability of transgenic mice deficient in particular neu-
ropoietic cytokines (see below). When rat sympathetic
neurons were treated with periosteal conditioned medium,
atase, a marker of osteoblasts. A range of alkaline phosphatase
cells are indicated by arrowheads while densely stained cells areosphwe observed a significant increase in ChAT activity (Fig. 4).
s of reproduction in any form reserved.
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5Periosteal Cell Induction in Sympathetic NeuronsTaken together, these results indicate that the induction of
a cholinergic phenotype by periosteal cells does not require
either membrane or matrix contact. Further, these results
indicate that in culture periosteal cells do not require
innervation to produce cholinergic inducing factor but do so
constitutively.
To determine whether innervation would increase the
production of cholinergic inducing factor, we compared the
ability of conditioned medium collected from rat periosteal
cells grown with and without sympathetic neurons to
induce ChAT in cultures of sympathetic neurons. As ex-
pected, we observed a 2.5-fold increase in ChAT activity in
sympathetic neurons following treatment with rat perios-
teal cell CM (n 5 3 experiments; nine wells/treatment/
experiment; P , 0.0001). When we treated sympathetic
neurons with medium conditioned by cocultures of perios-
teal cells grown with sympathetic neurons, the induction of
ChAT activity was significantly increased to 7.4-fold (n 5 3
experiments, nine wells/treatment/experiment; P , 0.0001,
comparing periosteal CM and coculture CM). Thus, while
periosteal cells can produce cholinergic-inducing activity in
the absence of neurons, coculture with neurons signifi-
cantly enhances this ability.
LIF and CNTF Are Not Responsible for ChAT
Induction by Periosteal Cells
A number of nonneuronal cells, including heart cells and
FIG. 3. ChAT activity was induced in transwell cocultures of
periosteal cells and sympathetic neurons. Five days after the
addition of rat periosteal cells to dissociated sympathetic neurons
in either standard or transwell cultures, the cultures were homog-
enized and assayed for ChAT activity. Growing neurons with rat
periosteal cells in transwell (no cell contact) or standard (contact
allowed) coculture conditions induced neuronal ChAT activity,
expressed here as fold increase compared to control neurons. The
level of ChAT activity induced in both the transwell and the
standard cultures was significantly different from that in control
cultures (by ANOVA and Scheffe’s F with P , 0.05, indicated by
sterisks). Data shown are the means of triplicate samples, 6SEM,
nd are representative of two independent experiments.ganglionic nonneuronal cells (Patterson and Chun, 1974,
Copyright © 2001 by Academic Press. All right977; Furshpan et al., 1976; Landis, 1976; Nawa and Sah,
990), similar to periosteal and sweat gland cells (Habecker
nd Landis, 1994; Habecker et al., 1995b), induce cholin-
rgic properties in cultured sympathetic neurons through
he production of soluble factors. Heart cells and ganglionic
onneuronal cells appear to alter sympathetic transmitter
xpression by secreting LIF (Yamamori et al., 1989; Nawa
nd Patterson, 1990; Banner and Patterson, 1994; Sun et al.,
994). To determine whether cultured periosteal cells in-
rease ChAT activity in sympathetic neurons by secreting
IF, we cocultured rat sympathetic neurons with periosteal
ells from LIF-deficient mice (Escary et al., 1993). Periosteal
ells incapable of producing LIF still induced a significant
ncrease in ChAT activity (Fig. 5). The magnitude of induc-
ion was similar in cocultures containing periosteal cells
rom homozygous LIF-deficient mice and cocultures con-
aining periosteal cells from heterozygous LRF-deficient
nd wild-type mice. Furthermore, when we added condi-
ioned medium from LIF-deficient periosteal cells grown
lone to sympathetic neurons, the conditioned medium
ignificantly increased ChAT activity (Fig. 4), providing
dditional evidence that the periosteal-derived factor is not
IF. Finally, because the phenotypic switch induced by LIF
n cultured sympathetic neurons is indistinguishable from
hat induced by CNTF (Saadat et al., 1989; Fann and
Patterson, 1994; Lewis et al., 1994), we also cultured
neurons with periosteal cells from mice lacking both LIF
and CNTF (Sendtner et al., 1996; Francis et al., 1997).
Again, the increase in ChAT activity was not affected by
FIG. 4. Conditioned media from cultures of periosteal cells from
LIF-deficient mice and wild-type/heterozygous mice induced
ChAT activity. Five days after the addition of conditioned medium,
cultures were homogenized and assayed for ChAT activity. Condi-
tioned media from wild-type or LIF-deficient periosteal cell cul-
tures induced significant increases in ChAT activity compared to
that in untreated neurons (by ANOVA and Scheffe’s F with P ,
0.05, indicated by asterisks). Data are the means of triplicate
samples, 6SEM, expressed as fold increase and are representative of
three independent experiments.
s of reproduction in any form reserved.
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6 Asmus, Tian, and Landisthe inability of the periosteal cells to produce both cyto-
kines (Fig. 5). Thus, neither LIF nor CNTF is required for
cholinergic induction by periosteal cells in vitro.
The Factor Secreted by Periosteal Cells Signals via
the LIFRb
Previous studies demonstrated that the sweat gland fac-
tor triggers a cholinergic conversion in sympathetic neu-
rons via the LIFRb (Habecker et al., 1997), a receptor
subunit shared by the LIF/CNTF family of cytokines (Stahl
and Yancopoulos, 1994; Bravo and Heath, 2000). To deter-
mine whether the cholinergic differentiation factor secreted
by cultured periosteal cells signals through LIFRb,
function-blocking antibodies against this receptor were
added to neurons cocultured with rat periosteal cells. As
expected, addition of LIFRb antibodies blocked ChAT in-
duction in sympathetic neurons treated with LIF (Fig. 6).
Furthermore, these antibodies blocked the induction of
ChAT activity in cocultures of neurons and periosteal cells
(Fig. 6). These results suggest that although the factor
secreted by cultured periosteal cells is neither LIF nor
CNTF, it does signal neurons via the LIFRb subunit in
sympathetic neurons.
DISCUSSION
The present study demonstrates that periosteal cells and
FIG. 5. Periosteal cells from LIF-deficient or LIF- and CNTF-
deficient mice induced ChAT activity. Five days after the addition
of periosteal cells from transgenic or wild-type mice, cultures were
homogenized and assayed for ChAT activity. ChAT activity was
induced in neurons grown with periosteal cells from wild-type,
LIF-deficient, CNTF-deficient, or LIF- and CNTF-deficient mice.
ChAT activity is expressed in the graph as fold increase compared
to control neurons. Data shown are the means of triplicate samples,
6SEM, and are representative of three independent experiments.
There was no significant difference in ChAT activity between
neurons cocultured with wild-type, LIF, CNTF, or CNTF/LIF-
deficient periosteal cells (by ANOVA and Scheffe’s F with P ,
.05), although all groups were significantly different from un-
reated control cultures (not indicated in the graph).osteoblasts induce cholinergic function in cultured sympa-
m
i
Copyright © 2001 by Academic Press. All righthetic neurons. These results confirm and extend our pre-
ious observations that periosteum influences the trans-
itter properties of its sympathetic innervation during
evelopment in vivo (Asmus et al., 2000). When periosteal
udiments are transplanted under the hairy skin of neonatal
ats, the developing ossicles are innervated by noradrener-
ic sympathetic fibers that otherwise innervate piloerectors
nd blood vessels (Schotzinger and Landis, 1990b). Upon
ontact with the periosteum surrounding the ectopic bone,
owever, the axons decrease their expression of cat-
cholaminergic properties and acquire cholinergic traits
nd VIP immunoreactivity (Asmus et al., 2000). The
hanges in transmitter properties observed in the transplan-
ation paradigm mirror the acquisition of cholinergic and
eptidergic properties that occur during the normal devel-
pment of sympathetic periosteal innervation (Asmus et
l., 2000). Previous efforts to assay ChAT activity in the
ympathetic innervation of periosteum in vivo were con-
ounded by contamination of the periosteum with skeletal
uscle fibers and associated ChAT-containing motor end-
lates (Asmus et al., 2000). Therefore, the developmental
tudies in rat as well as analyses of adult mouse periosteal
nnervation (Francis et al., 1997) used VAChT immunohis-
ochemistry and reactivity for acetylcholinesterase, theFIG. 6. Function-blocking antibodies against LIFRb inhibit ChAT
induction in periosteal cell sympathetic neuron cocultures. Disso-
ciated sympathetic neurons were grown for five days with either rat
periosteal cells or recombinant LIF in the presence or absence of
LIFRb antibodies, after which the cultures were homogenized and
assayed for ChAT activity. Coculture with periosteal cells or
addition of LIF significantly increased ChAT activity in sympa-
thetic neurons with respect to that in control cultures (by ANOVA
and Scheffe’s F with P , 0.05, indicated by asterisks). Addition of
IFRb antibodies to periosteal cocultures or cultures treated with
IF blocked ChAT induction, resulting in fold increases not sig-
ificantly different from control neurons. Data shown are the
eans of triplicate samples, 6SEM, and are representative of twondependent experiments.
s of reproduction in any form reserved.
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7Periosteal Cell Induction in Sympathetic Neuronsergic phenotype. In the present study, isolation of sympa-
thetic neurons and periosteal cells and their recombination
in a coculture system have provided direct evidence for the
induction of ChAT activity in sympathetic neurons by
interactions with periosteal cells. Taken together with
previous findings, these results indicate that the phenotypic
plasticity displayed by developing sympathetic neurons in
itro and in vivo can be induced not only by sweat glands
(Guidry and Landis, 1998; Francis and Landis, 1999) but also
by periosteum.
Periosteum consists of an outer layer of dense connective
tissue with resident fibroblasts and an inner cellular layer
containing osteoblasts and osteochondral progenitors. The
presence of alkaline phosphatase-reactive cells in the peri-
osteal cultures provides evidence that cells of the osteoblast
lineage survived and differentiated. Additional cell types,
such as fibroblasts, which can induce acetylcholine synthe-
sis in cultured sympathetic neurons (Patterson and Chun,
1977), may also have been present. To determine if cells of
the osteoblast lineage were competent to induce cholin-
ergic function in the absence of other cell types, sympa-
thetic neurons were cocultured with three different osteo-
blast cell lines. The relatively immature mouse osteoblast
line, MC3T3-E1 (Sudo et al., 1983), increased ChAT activ-
ity. ChAT activity, however, was not altered by the undif-
ferentiated line of mouse bone marrow stromal cells, ST2
(Ogawa et al., 1988; Yamaguchi et al., 1996; Otsuka et al.,
1999), or by the well-differentiated rat osteosarcoma line,
UMR-106 (Partridge et al., 1983). These data suggest that
relatively immature osteoblasts, rather than undifferenti-
ated progenitors or mature osteoblasts, are able to induce
cholinergic properties in sympathetic neurons in our cul-
ture conditions. Osteoblasts and their progenitors are
present in the developing and mature periosteum, where
they can be induced to differentiate into mature bone
forming cells required for appositional bone growth and
fracture healing (Pechak et al., 1986; Yoo and Johnstone,
1998). Therefore, cholinergic inducing activity could be
available to the sympathetic neurons that innervate the
periosteum not only during development but also in adult-
hood. While the complete osteoblast lineage is found in
periosteum, identification of the periosteal cell type(s) re-
sponsible for the phenotypic changes during development
in vivo remains to be defined.
Two lines of evidence suggest that the induction of
cholinergic properties in sympathetic neurons by cultured
periosteal cells was mediated by a soluble cholinergic
differentiation factor(s). First, ChAT activity was increased
in sympathetic neurons grown with periosteal cells in
transwell cultures that prevented direct cell–cell or cell–
matrix contact between the neurons and periosteal cells.
Second, ChAT activity was increased when sympathetic
neurons were treated with medium conditioned by perios-
teal cells. While contact was not required in vitro, it is
possible that the periosteal matrix is involved in sequestra-
tion of the cholinergic factor in vivo (see Rathjen et al.,
1990). f
Copyright © 2001 by Academic Press. All rightMembers of the neuropoietic cytokine family represent
excellent candidates for the cholinergic differentiation fac-
tor produced by cultured periosteal cells. Several of them,
including LIF, CNTF, and CT-1, induce cholinergic proper-
ties in cultured sympathetic neurons (Patterson and Nawa,
1993; Landis, 1996). Inclusion in this family has been based
on similarities in three-dimensional structure and/or shar-
ing of receptor subunits, including LIFRb and gp130 (Stahl
and Yancopoulos, 1994; Bravo and Heath, 2000). To deter-
mine whether the periosteal factor was a neuropoietic
cytokine family member, antibodies that recognize the
LIFRb and block its function were added to cocultures of
ympathetic neurons and periosteal cells. The inhibition of
IFRb function and resulting absence of ChAT induction
uggest that the periosteal factor is a member of the
europoietic cytokine family.
LIF seemed the most likely member of the neuropoietic
ytokine family to account for the induction of ChAT
ctivity in cultured sympathetic neurons by periosteal
ells. Not only does it induce a noradrenergic to cholinergic
witch in sympathetic neurons in vitro (Yamamori et al.,
989) and in vivo (Bamber et al., 1994), but it is produced in
ulture by a variety of nonneuronal cells, including fibro-
lasts, heart cells, ganglionic nonneuronal cells, Schwann
ells, and bone-marrow stromal cells (Yamamori et al.,
989; Nawa and Patterson, 1990; Banner and Patterson,
994; Sun et al., 1994; Lorgeot et al., 1997). Furthermore,
IF is produced by osteoblasts where it plays an autocrine
ole in osteoblast metabolism (Allan et al., 1990; Marusic et
l., 1993; Cornish et al., 1993, 1997) and in osteoclast
ctivation (Greenfield et al., 1993, 1996). We found, how-
ver, that the ChAT activity induced by coculture with
IF-deficient periosteal cells was equivalent to that induced
y periosteal cells from heterozygous and wild-type mice.
oreover, there was no significant difference in the induc-
ion of ChAT activity in neurons grown with medium
onditioned by periosteal cells obtained from LIF-deficient
ice and medium conditioned by periosteal cells from
eterozygous and wild-type mice. These data are consistent
ith previous studies showing that the sympathetic peri-
steal innervation of adult LIF-deficient mice display cho-
inergic and VIPergic properties indistinguishable from
hose of wild-type animals (Francis et al., 1997). Taken
ogether, these results provide evidence that LIF is not the
ajor periosteal-derived cholinergic factor. We cannot ex-
lude the possibility, however, that it makes a minor
ontribution. Further, data from both the present in vitro
tudies and the previous in vivo studies (Francis et al., 1997)
uggest that CNTF does not contribute to the appearance of
holinergic properties.
There are a number of similarities between periosteum
nd sweat glands in the mechanisms responsible for induc-
ng cholinergic function in sympathetic neurons. Similar to
weat glands (Rao and Landis, 1990; Rao et al., 1992;
ohrer, 1992; Habecker and Landis, 1994; Habecker et al.,
995b), the periosteum produces a soluble cholinergic dif-
erentiation factor. The sweat gland factor and the perios-
s of reproduction in any form reserved.
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8 Asmus, Tian, and Landisteal factor(s) cause similar changes in sympathetic neuro-
transmitter phenotype. Both the sweat gland factor
(Habecker et al., 1997) and the periosteal factor signal
through LIFRb and therefore are members of the neuropoi-
etic cytokine family. Several lines of evidence indicate that
the sweat gland factor does not correspond to any of the
known members of the neuropoietic cytokine family. Stud-
ies utilizing antisera against these cytokines (Rao and
Landis, 1990; Rao et al., 1992; Habecker et al., 1995a) as
well as studies with LIF- and/or CNTF-deficient mice (Rao
et al., 1993; Francis et al., 1997; Habecker et al., 1997)
indicate that the sweat gland factor is not LIF, CNTF, or
CT-1. The present findings suggest that the periosteum-
derived factor is neither LIF nor CNTF. It remains to be
determined whether the periosteal factor is the same as the
sweat gland factor or a distinct member of the same family.
While there are many similarities, there is at least one
difference: periosteum and sweat gland factor(s) differ in the
regulation of their secretion in vitro. The induction of
ChAT by medium conditioned by wild-type mouse and rat
periosteal cells grown in the absence of sympathetic neu-
rons suggests that cultured periosteal cells constitutively
secrete the cholinergic factor(s) and do not require neuronal
signaling. In contrast, sympathetic noradrenergic input ap-
pears to be required for release of the cholinergic factor by
cultured sweat gland cells (Habecker and Landis, 1994;
Habecker et al., 1995b). While periosteal cells can produce
he cholinergic factors in the absence of neurons, coculture
ith sympathetic neurons significantly increases produc-
ion.
Synthesis of new bone by periosteal osteoblasts is essen-
ial for bone development and fracture healing (Erlebacher
t al., 1995; Yoo and Johnstone, 1998). Therefore, elucidat-
ng the neural regulation of periosteal cell function is
ritical to our understanding of how the nervous system
egulates bone metabolism. The periosteum receives two
lasses of sympathetic innervation, noradrenergic fibers
ssociated with the vasculature and nonadrenergic VAChT-
nd VIP-immunoreactive fibers associated with the paren-
hyma (Hohmann et al., 1986; Bjurholm et al., 1988; Hill
nd Elde, 1991; Ahmed et al., 1993; Sisask et al., 1996;
rancis et al., 1997; Asmus et al., 2000). Periosteal cells
xpress a repertoire of noradrenergic, cholinergic, and pep-
idergic receptors that correspond to the sympathetic input.
harmacological and molecular studies demonstrate that
ultured osteoblasts and osteoblast cell lines express
b-adrenergic and VIP receptors (Hohmann et al., 1983;
Hohmann and Tashjian, 1984; Bjurholm et al., 1992; Moore
et al., 1993; Togari et al., 1997), and developing chick
periosteal cells express nicotinic acetylcholine receptor
mRNA (Romano et al., 1997). Physiological studies have
established that sympathetic input influences bone metab-
olism. For example, chemical sympathectomy in neonates
and surgical sympathectomy in adults decreases osteoblast
metabolism and increases bone resorption by increasing
osteoclast activity (Herskovits and Singh, 1984; Sandhu et
al., 1987; Hill et al., 1991). Chemical sympathectomy of
Copyright © 2001 by Academic Press. All rightdult rats, however, inhibits bone resorption by disrupting
steoclast differentiation and activation (Cherruau et al.,
999). The age-related differences observed in the response
o chemical sympathectomy may be a consequence of the
henotypic conversion that occurs in a population of sym-
athetic periosteal neurons (Asmus et al., 2000): the first
two experimental manipulations disrupt both noradrener-
gic and cholinergic sympathetic innervation of the perios-
teum, while chemical sympathectomy in adults disrupts
noradrenergic, but not cholinergic, sympathetic innerva-
tion (Yodlowski et al., 1984). The coculture system de-
scribed here may provide a useful model to investigate the
significance of the target-mediated onset of cholinergic and
peptidergic properties in periosteal function.
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